We characterized the f-waves in atrial fibrillation (AF) in the surface ECG by quantifying the amplitude, irregularity, and dominant rate of the f-waves in leads II, aVL, and V 1 , and investigated whether those parameters of the f-waves could discriminate long-standing persistent AF (LPeAF) from non-LPeAF. A total of 224 AF patients were enrolled: 112 with PAF (87 males), 48 with PeAF (38 males), and 64 with LPeAF (47 males). The f-waves in surface ECG leads V 1 , aVL, and II, which reflect well electrical activity in the right atrium (RA), the left atrium (LA), and both atria, respectively, were analyzed. The f-waves for LPeAF had lower amplitudes in II and aVL, increased irregularity and a higher dominant rate in II and V 1 compared to PAF and PeAF (all p < 0.02). In a multivariate analysis, a low amplitude in lead II (<34.6 uV) and high dominant rate in lead V 1 (≧390/min) (p < 0.00 1 ) independently discriminated LPeAF from the other AF types. The f-waves combined with both a low amplitude in lead II and high dominant rate in lead V 1 were significantly associated with LPeAF (OR 6.27, p < 0.001). Characteristics of the f-waves on the surface ECG could discriminate LPeAF from other types of AF.
A relatively low f-wave amplitude could represent a small amount of activated muscle fibers since the voltage is theoretically proportional to the current amount generated from the conductive myocardial mass, which would occur more frequently in a chamber with scant myocardial bundles. Fine, fast oscillating f-waves might reflect a rapid turn-over of the generation and annihilation of small wavelets, which are dynamically formed by substrates that can make more wavelets by breaking down preceding wavelets in either dynamic fashion or with anatomical obstacles. Enlarged atria, highly susceptible to LPeAF, could give rise to very slow conduction and thereby small wavelets with a small wavelength 13 . It implies that the features of the f-waves might differ in paroxysmal (PAF), persistent (PeAF), and LPeAF. According to the 2017 expert consensus statement on catheter and surgical ablation of AF 14 , differentiating LPeAF from other AF types is clinically important in predicting the outcome, since LPeAF is usually refractory or has a poor outcome with treatments for maintaining sinus rhythm, such as catheter ablation or surgical ablation, in contrast to PAF or PeAF. The current clinical practice guidelines (European Society of Cardiology, American Heart Association guideline) 15, 16 recommend catheter ablation as a curable or substrate-modifying treatment for AF. Therefore, the analysis of the f-wave characteristics by a simple and non-invasive method such as a surface ECG could assist physicians in making a diagnosis and setting a treatment plan. We attempted to characterize the f-waves in the surface ECG by quantifying the amplitude, irregularity, and dominant rate of the f-waves in leads II, aVL, and V 1 , and investigated whether those parameters of the f-waves could discriminate LPeAF.
Results
Baseline characteristics. A total of 224 patients (76.8% male, 61.4 ± 12.3 years) were included in this study.
The number of patients with PAF, PeAF, and LPeAF was 112 (50%), 48 (21.4%), and 64 (28.6%), respectively. The baseline characteristics are described in Table 1 . Patients with LPeAF were older (65.3 ± 9.3 years, p < 0.001), had a longer AF duration (7.5 ± 2.5 years, p = 0.007) than the non-LPeAF patients, including PAF and PeAF patients (Table 1) . However, no differences in the gender, body mass index (BMI), or underlying disease among the groups were observed. There were no statistically significant differences in the heart rate, QRS duration, QT, and QTc interval in the 12-lead surface ECG (Table 1) among the different AF types.
Overall characteristics of the f-waves in leads II, aVL, and V 1 . Anatomically, lead II aligned with the interatrial septum, and aVL aligned with the lateral side of the LA, and V 1 was close to the RA (Sup. Fig. 1 ). We found that the amplitude, irregularity index, and dominant rate of the f-waves differed significantly among these leads ( Supplementary Table 1 ). Compared to lead II and aVL, the f-waves in the lead V 1 presented the highest amplitude (37.5 ± 17.5 uV in II, 23.1 ± 8.4 uV in aVL, and 47.5 ± 33.4 uV in V 1 ) and a high dominant rate (316.1 ± 124.4/min in II, 340.3 ± 107.8/min in aVL, and 353.1 ± 117.7/min in V 1 ). The irregularity of the f-waves (measured as ApEn) was prominent in lead aVL as compared to the other two leads, leads II and V 1 (0.12 ± 0.02 in II, 0.13 ± 0.02 in aVL, and 0.12 ± 0.02 in V 1 ).
The amplitude of f-waves. Overall, the f-wave amplitude was significantly lower in LPeAF than non-LPeAF and was similar between PAF and PeAF in all leads examined ( Table 2 ). The differences in the f-wave amplitude were prominent in lead II (PAF vs. PeAF vs. LPeAF; 41.3 ± 17.2 uV vs. 41.2 ± 21.4 uV vs. 28.0 ± 9.8 uV, p < 0.001) and lead aVL ( Table 2) . However, the f-waves amplitude in lead V 1 was not statistically significant ( Table 2) . www.nature.com/scientificreports www.nature.com/scientificreports/ The irregularity of f-waves. The severity of the irregularity was prominent in leads II and V 1 , where the f-waves of LPeAF were more irregular than those of PAF and PeAF (PAF vs. PeAF vs. LPeAF: 0.12 ± 0.02 vs. 0.12 ± 0.02 vs. 0.13 ± 0.02, p = 0.012 in lead II; 0.12 ± 0.02 vs. 0.12 ± 0.03 vs. 0.13 ± 0.02, p = 0.013 in lead V 1 ). However, there was no significant difference in lead aVL ( Table 2 ).
The dominant rate of f-waves. In The multivariate analysis. Table 3 shows the multivariate analysis for differentiating LPeAF according to the amplitude, irregularity, and dominant rate in leads II, aVL and V 1 . In model I, including f-wave variables only in lead II, the amplitude index was the most powerful predictor of LPeAF (RMS, OR = 0.909, 95% CI 0.871-0.949, p < 0.001). In model II with aVL, the amplitude index was also the strongest predictor of LPeAF (RMS; OR = 0.908, 95% CI 0.856-0.964, p = 0.001), and in model III with lead V 1 , the dominant rate was the strongest predictor of LPeAF (OR = 1.382, 95% CI 1.057-1.807, p = 0.018).
The combination of the amplitude in lead II and dominant rate in lead V 1 had a high predictive value of LPeAF. The age, gender, AF duration, and only three of the strongest f-waves parameters, including the amplitude indices in leads II and aVL and dominant rate in V 1 , were included in model IV. Finally, the amplitude index in lead II (RMS: OR = 0.905, 95% CI 0.863-0.950, p < 0.001) and dominant rate in lead V 1 (DF: OR = 1.405, 95% CI 1.115-1.770, p = 0.004) were the most powerful parameters for differentiating LPeAF from non-LPeAF. The area under the curve (AUC) for predicting LPeAF was 0.77 for the amplitude in lead II and 0.67 for the dominant rate in lead V 1 (Fig. 1A) . When the cut-off values of the amplitude in lead II and dominant rate in lead V 1 were 34.6 uV and 390/min, respectively, the sensitivity and specificity of a low amplitude in lead II and high dominant rate in lead V 1 were 81.7% and 53.7%, respectively ( Fig. 1B) . Furthermore, the combined parameters of a low amplitude in lead II (RMS < 34.6 uV) and high dominant rate in lead V 1 (DF ≥ 390/min) had a higher odds ratio in predicting LPeAF (OR 6.269, 95% CI 2.958-13.285, p < 0.001) than the stand-alone parameters of a low amplitude in lead II (RMS < 34.6 uV) or high dominant rate in lead V 1 (DF ≥ 390/min) ( Table 4 ).
Discussion
In the current study, we found that the f-waves in LPeAF were short, fine and irregular, as compared to the other AF types. The distinct features of the f-waves in LPeAF were remarkable in leads II and V 1 : a significantly low amplitude in lead II and fast dominant rate and more irregularity in V 1 . Lead aVL, which is anatomically in proximity to the LA, was less powerful in discriminating LPeAF from other types, compared to II and V 1 . Only remarkable difference between PAF and PeAF was dominant rate in lead II, not in V 1 and aVL. As LPeAF has a poor outcome with rhythm control by catheter or surgical ablation, it is clinically important to discriminate LPeAF from non-LPeAF to determine the treatment strategy. An analysis of the f wave characteristics in the 12 lead ECG could help differentiate the clinical types of AF.
The detection of f-waves and their pathophysiologic implication. Atrial remodeling and fibrosis due to AF cause a decrease in the conduction velocity, prolongation of the PR interval, and decrease in the endocardial voltage 17 . This remodeling process continues to increase the heterogeneity of the atrial substrate and aggravates the dispersion of the atrial refractoriness. Atrial f-waves represent these complex changes and are traditionally classified as coarse or fine waves by their amplitude 18 , and fine waves are generally considered to www.nature.com/scientificreports www.nature.com/scientificreports/ be more disorganized, and to have an irregular pattern with a short atrial dominant cycle length. However, this classification has some limitations considering the various changes in the f-waves, because the atrial cycle length changes considerably due to the autonomic tone, heterogeneity of the atrial substrate, and diurnal variations. Even though that occurs, the properties of the f-waves acquired from a QRS cancellation can represent the electrical and mechanical characteristics of both atria [19] [20] [21] [22] . In another assessment of the f-waves, a short dominant atrial cycle length was associated with a short atrial refractoriness, and an atrial substrate with those properties played a pro-arrhythmic role 19, [23] [24] [25] . Previous studies have analyzed the f-waves in AF with a validation of the results through invasive measures. Those studies revealed that lead V 1 is positioned at the nearest site to the right atrial free wall and well represents its waves. Additionally, the electrical waves measured in the coronary sinus, right atrial appendage, and esophagus have similar properties as lead V 1 19,20 . Clinical implication of the f-wave analysis. In the current study, the fibrillatory activity was three-dimensionally measured in the anteroposterior, superoinferior, and transverse axis through leads II, aVL, and V 1 , demonstrating somewhat different features among the clinical AF types according to the location and axis of each lead. It could be due to the different stages of the pathological changes and subsequent fibrillatory activity in the RA and LA. LPeAF has a more enlarged LA than PAF or PeAF in most cases, possibly resulting in low amplitudes in aVL and II. The finding that there is no significant difference in the irregularity index and dominant rate in leads II and aVL might suggest that the irregularity of the fibrillatory activity in the LA was similar in www.nature.com/scientificreports www.nature.com/scientificreports/ PAF, PeAF, and LPeAF. However, in the RA, PAF and PeAF might exhibit more flutter-like activity 2 , while LPeAF might have disorganized multiple electrical activities, as suggested by more irregular and fast dominant rates in V 1
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. A recent expert consensus statement recommended a classification system of PAF, PeAF, and LPeAF that can be used for future studies of catheter and surgical ablation of AF. LPeAF is defined by long-lasting events of for more than 1 year that are less responsive to a rhythm control strategy, including catheter and surgical ablation 14 .
The prediction and identification of LPeAF at the time of the initial diagnosis has important clinical implications in preventing unnecessary treatments that would yield less in this clinical scenario. Our results show that patients with low amplitude f-waves in lead II and fine f-waves in lead V 1 are likely to have long-lasting. In the current study, there were significant differences in age among PAF, PeAF, and LPeAF. It could be explained by the previous studies 26 that the spectrum of AF types was related to aging process. Moreover, the identification of LPeAF could require a longer period time. Nevertheless, the multivariate analysis showed that difference of f waves characteristics are strongly associated with AF types.
Methodological implications. The surface ECG is a non-invasive and simple diagnostic tool and has
advantages for detecting serial changes. The extraction by a QRS cancellation, Fast Fourier Transformation, and power spectrum analysis were validated through an invasive electrophysiology study 20 , and after that, an analysis and quantification of the f-waves was performed with simple software. Furthermore, f-waves detected from the surface ECG may represent less localized atrial signals compared to an invasive electrophysiology study using bipolar electrodes that detect electrical activity within a very small distance, and the 12-leads can reflect signals obtained from various axes and directions of the atrium. Due to these advantages, previous studies have compared the characteristics of f-waves and the clinical outcome of rhythm control after cardioversion findings, and recent reports have noted that the AF rate (AFR) 27 , AF signal entropy (AFSE) 28, 29 , and harmonic decay 27 are independent factors of AF recurrences within 4 weeks after cardioversion.
Limitations.
Several limitations need to be acknowledged. The first, is that the f-wave variably changes according to the physical activity, autonomic tone, and diurnal variations. Furthermore, coarse f-waves can change to fine waves spontaneously due to these factors, and therefore it is important to repeatedly and serially measure the ECG. The second, we used only one mathematical formula to measure the irregularity, but there are several measures to express the severity of irregularity. It might have led to a less precise measurement of the irregularity. Nevertheless, the approximate entropy in the current study was enough to discriminate LPeAF from non-LPeAF in leads II and V 1 . Future studies regarding the relation of the f-wave analysis and clinical outcome of a rhythm control strategy will help clarify the significance of our findings. The third, we analyzed fibrillatory characteristics in only three leads, II, aVL, and V1 due to technical limitation. For more insightful information, further analysis in all leads should be performed in future. Finally, the exclusion of the patients whose data could not be acquired from the f-waves due to technical errors may have introduced a selection bias.
Conclusions
A low amplitude and high dominant rate of the f-waves on the surface ECG could discriminate LPeAF from other types of AF.
Methods

Patient selection and definition of the AF type. The study protocol was approved by the Institutional
Review Board of Yonsei University Health System in accordance with the tenets of the Declaration of Helsinki. We obtained informed consent from all enrolled patients. Consecutive patients newly diagnosed with AF by a surface 12-lead ECG. The AF type of all patients was classified by the American College of Cardiology (ACC), American Heart Association (AHA), and European Society of Cardiology (ESC) guidelines 15, 16 . PAF was defined as sinus conversion of an AF rhythm of less than 7 days, and PeAF as that lasting for more than 7 days, which is unlikely to stop on its own 30 . In these cases, cardioversion or AADs could be used for the conversion of the AF to sinus rhythm, and if not successful or there were long-lasting events that continued for more than 1 year, the AF type was defined as LPeAF. So the prediction and identification of LPeAF take more time than PAF or PeAF. The age was significantly different among the three groups, patients with LPeAF were the oldest. To adjust the effect www.nature.com/scientificreports www.nature.com/scientificreports/ of age, we performed multivariate analysis including age and AF duration. ECGs obtained within initial 4 moths at the time of diagnosis of AF were analyzed in this study. All patients visited outpatient clinic regularly at 1, 3, 6, 9 and 12 months and then every 3 month thereafter or whenever symptoms occurred after the AF diagnosis. All patients underwent 12-lead ECG during every visit and 24-or 48-hour Holter recording and/or event recording at 3, 6, and every 6 months, according to the 2012 HRS/EHRA/ECAS Expert Consensus Statement guidelines. The AF duration was defined as the time since AF symptoms such as palpitation or chest discomfort started.
The exclusion criteria were as follows: (1) having no ECG data stored digitally in the electronic database system, (2) noisy A waves with baseline wandering in the 12 lead ECG, (3) taking AADs at the time of ECG, (4) V pacing rhythm in the ECG, (5) a medical history of valvular disease and past history of valve surgery or coronary bypass surgery, and (6) known structural heart diseases such as congenital heart diseases and valvular heart diseases with more than mild severity. We defined structural heart diseases as congenital heart diseases 31 , valvular heart disease more than moderate severity and the history of cardiac surgery. Finally, 224 AF patients were selected for f-waves analysis.
Analysis of the chaotic activity of the fibrillary waves. Data acquisition. Standard 12 lead ECG
data (GE Healthcare, Marquette, MAC5500, Waukesha, WI) digitally stored in the hospital ECG database were extracted. The paper speed was set to 25 mm/sec with a calibration of 10 mm/mV. The heart rate, PR interval, QRS, QTc, and P-axis were automatically measured by the ECG system. The Data was exported to.xml files, and converted into csv files through the Python program. Among the 12-lead ECG, leads II, aVL, and V 1 were selected for the follow reason: The spatial position and axis of each lead in the 12-lead surface ECG could provide an estimation regarding the three-dimensional movement of the fibrillatory activity in the both atria (Sup. Fig. 1 ); Lead II having an axis aligned with the interatrial septum, reflects the inferior-superior axial movement of the electrical activation occurring in the both atria; The aVL axis which is perpendicular to lead II, could well reflect the electrical activity on the lateral side, that is, the left atrium (LA). V 1 would be helpful to detect antero-posterior movement and in particular, due to the anatomical proximity to the right atrium (RA), allow for the detection of the electrical activity occurring in the RA.
Signal processing. For off-line signal processing, a 10-s ECG recordings was preprocessed to reduce noise and interference 22, 32 . The f-wave analyses were conducted in leads II, aVL, and V 1 by a technician who was blinded to the clinical characteristics. A schematic presentation of the overall signal processing is depicted in Fig. 2 . The raw signal is depicted in Fig. 2A-a. To avoid large residual errors, the signal sampling rate was increased from 500 Hz to 1000 Hz by a cubic spline interpolation method. To reduce the baseline wandering and high-frequency noise, the interpolated signal was filter by a Zerophase bandpass filter with a cut-off frequency of 0.5 and 30 Hz 33 . Then, a Pan Tompkins algorithm was applied for an automatic QRST detection ( Fig. 2A-b) , while the QRST complexes were removed using an adaptive singular value cancelation method ( Fig. 2A-c) 34, 35 . The final atrial f-waves were www.nature.com/scientificreports www.nature.com/scientificreports/ analyzed for the three parameters detailed below; (1) the root mean square (RMS; uV) 36 as a parameter of the signal amplitude in the time-domain, (2) approximate entropy (ApEn) 37 as a parameter of the signal irregularity in the time-domain, (3) and dominant frequency (DF; dominant rate/min) 38 as a parameter of the power spectral density having the highest peak in the frequency domain. These 3 parameters were calculated for each studied lead (II, aVL, and V 1 ). Finally, the signal was filtered by a Zerophase bandpass with a cut-off frequency of 3 and 30 Hz to suppress the residual QRST feature. The dominant frequency was calculated focusing exclusively within 3~9 Hz, since the power of the f-waves was mostly concentrated in the 4-9 Hz band of the power spectrum. We applied Piecewise linear correction of ECG baseline wander upon ECG signal 39 to calculate an amplitude of baseline wander, not to subtract the wander. After normalization for amplitude of baseline wander of each patients, we excluded patients with upper 95 percentile, which was assumed as a threshold to classify ECG with noisy baseline wander from normal ECG. All signal processing was performed with a MATLAB (Mathworks Inc., Natick, MA, USA).
Parameters analyzing the features of the fibrillatory waves. The amplitude (RMS; uV) index was defined as the square root of the mean square, the arithmetic mean of the squares of the signal amplitude in the time-domain. The ApEn was calculated to quantify the irregularity of the fibrillary waves in the time-domain. For the ApEn, the sample size was set as 3, while the threshold was 3.5 times the standard deviation of the signal that was processed by QRS cancellation and appropriately filtered. The DF (dominant rate/min) was defined as the frequency occupying the highest peak in the power spectral density in the frequency-domain. The DF was mostly concentrated within the 4-9 Hz band of the power spectrum, and described the dominant rate per minute (dominate rate/min). Figure 2B shows a typical ECG of PAF with coarse (low dominant rate) f-waves and a high amplitude (high RMS), and of LPeAF with fine (high dominant rate) f-waves with a low amplitude (low RMS).
Statistical analysis. The non-normally distributed continuous variables were expressed by the median ± standard deviation of the parameters of the atrial waves. The statistical significance of the comparisons was assessed using a Mann-Whitney U test. To compare the clinical variables and atrial wave parameters (amplitude, ApEn, and dominant rate) between PAF, PeAF, and LPeAF, we used the Kruskal-Wallis test. Uni-and multi-variate logistic regression analyses were used for predicting LPeAF, with an adjustment for the age, gender, and AF duration (from the symptom onset to surface ECG acquisition date). Models I, II, and III represented the results of the multivariate analysis depending on each lead (II, aVL and V 1 ) after an adjustment. The cut off values for the amplitude in lead II and dominant rate in lead V 1 (model V, VI), which best differentiated LPeAF from non-LPeAF, were determined by an algorithm for the maximization of the hazard ratio. A p-value < 0.05 was considered statistically significant.
